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ABSTRACT

Research has been conducted to determine the feasibility of using a
rolling-disk apparatus to evaluate lubricants for high-speed, high~temperature
applications such as the $ST. The instrumentation to be used with the appa-
ratus includes an X-ray technique for measuring the thickness of the lubricant
film between the disks and a dielectric breakdown scheme for detecting surface-
to-surface contact. A detailed study has been conducted to define a disk geo-
metry which best simulates the contact geometry of a 120 mm bore angular-contact
ball bearing. From the results of this study, it was determined that the disks
should be 1.4 inches in diameter and have a crown radius of 11 inches. Both
cylindrical-crowned disks and coned-crowned disks should be used, the latter
to simulate sliding conditions due to ball spin. Cylindrical-crowned disks
of M-50 bearing steel have been fabricated. Check-out experiments have demon-
strated the basic capability of the disk machine to duplicate the required
operating conditions. Preliminary exploratory experiments with the similitude
disk have indicated that only a very thin lubricant film is formed between
bearing elements at temperatures around 600 F, under moderate loads and speeds,
when the fluid designated XRM-177 is utilized., At a milder temperature, 400 F,

films between 3 and 8 microinches are formed.
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EVALUATION OF LUBRICANTS FOR HIGH-SPEED
HIGH-TEMPERATURE APPLICATIONS

by
J. W. Kannel, J. C. Bell, R. R. Riopelle, and C. M. Allen

INTRODUCT ION

Advanced air-breathing propulsion systems, such as the engines for the
supersonic transport, will operate at speeds, power levels, and temperatures which
are significantly higher than in present systems. The selection of a fluid which
will adequately lubricate the mainshaft engine bearings to obtain the necessary
time between overhauls will require careful analysis and extensive evaluation.

The lubrication and failure mechanisms in rolling-element bearings are
complex and not fully understood. As a result, the evaluation of bearing designs
and lubricants requires that a statistically significant number of bearings must
be run to failure in candidate fluids under the projected conditions of operation
and environment. NASA has recently supported such an evaluation study for can-
didate supersonic-transport bearings and lubricants. In general, full-scale
bearing fatigue studies involve the expenditure of considerable time, effort,
and money to obtain meaningful results because of the degree of scatter typically
found in bearing fatigue data. In addition, the data obtained do not readily lend
themselves to extrapolation to fluids or operating conditions other than those
used in the tests. This limitation arises, at least partially, from the fact
that the full-scale bearing approach is inherently unable to yield much funda-
mental information regarding the process of lubrication in rolling contacts.

In the past few years, significant progress has been made in evaluating

and understanding the elastohydrodynamic-lubrication phenomenon in rolling-element
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mechanisms. At Battelle,fexperimental techniqﬁes haVe’been developed to measure
actual lubricant film-thickness profiles (and consequenfly, surface deformation
profiles) and surface pressures and temperatures in the contact region between
rolling/sliding disks which simulate the contact of ball bearings*. Electrical
continuity measurements have also been devised which indicate the extent of full-
fluid-film lubrication between the disks. These techniques, together with associ-~
ated theoretical analyses, have resulted in an improved understanding of the
elastohydrodynamic lubrication process in rolling contacts.

The purpose of the preﬁent research program is to apply these experi-
mental techniques, together with the improved understanding of elastohydrodynamic
lubrication, to the lubrication of mainshaft engire bearings for the supersonic
transport. The studies are to be conducted with a rolling-disk machine using disks
that accurately simulate the dynamic situation of a ball-race contact in a bearing.
The extent of elastohydrodynamic lubrication will be determined over the range of
anticipated operating conditions, for disks simulating the contact of mainshaft
bearings. These data will be correlated with data from full-scale bearing studies
being conducted elsewhere to yield the relation between extent of elastohydrodynamic
lubrication and failure. These studies should make it possible to select the best
combination of lubricant and bearing material for a much wider set of operétihg
parameters than would be possible using full-scale bearing tests alone.

The specific objectivetof Task II of the study has been to find disk
geometry, to get accurate simulation of candidate supersonic transport bearings, and

to conduct check-out and exploratory film-thickness experiments with these disks.

* The research leading to these techniques was sponsored by the USAF through the
Research and Technology Division, Wright-Patterson Air Force Base, Ohio. For
example, see References 1 and 2.



DESIGN OF DISKS TO BE USED IN LUBRICATION STUDY

The Ball Bearing to be Simulated

The ball bearing being evaluated by the NASA Lewis Research Center in
rolling-element fatigue has a 120 mm bore and contains fifteen 13/16-inch-diameter
balls moving in a path having a pitch diameter of 6.1023 in. The conformity
between the balls and races is such that the undefbrmed transverse radius is 0.52
times the ball diameter for the outer race and 0.54 for the inner race. The
inifial contact angle is 20 degrees, that is, if the load is very light the line
from the center of the ball to the center of either contact area is tilted
20 degrees with respéct to the line from the bearing center to the ball center,
Both the ballsand races are made of steel having Young's modulus 29 x lO6 lb/in.2
and Poisson's ratio 0.25.

Two operating conditions will be considered in the simulation study, one
having a thrust load of 3290 pounds with the outer race turning at 12,500 rpm, the
othér having a thrust load of 5,800 pounds with the inner race turning at
12,500 rpm*, Centrifugal force, of course, also adds to the loads and makes the
operating contact angles different on the two races. The general situation of
one ball between the two races is then as shown in Figure 1, which also
illustrates some notation to be used.

The contact forces (Wi and wo), contact angles (Bi and Bo), semiaxes
of both Hertzian (dry) contact areas, and various angular speeds for each ball
have been computed for both sets of operating conditions by the General Electric

(3,4)

Company using the Rolling Element Computer Analysis Program (RECAP),

¥ The speed of 12,500 spin was a target condition used in References 3 and 4,
though later bearing tests used speeds only up to 12,000 rpm. An inter-
mediate load also was used in place of the lighter load presum?d ?ere (yielding
maximum Hertz pressure of 295,000 psi instead of 269,000 psi). o



(outer race)

FIGURE 1.GEOMETRY OF THE BALL-RACE CONTACT



constructed by A. B. Jones. Ball control in each case is maintained by the outer
race, so that the balls spin with respect to the inner racé but not the outer.
Since the experimentsvnow being planned are to consider the effects of ball spin

on lubrication,; it is the contact between the ball and the inner race which

should be simulated. Therefore, several parameters have been collected in

Table 1 describing the contact between the ball (Body No. 1) and the inner race
(Body No. 2), These parameters were derived as indicated in the table, from either
the bearing specifications, or from the theory of Hertzian (dry) contact(6), or
from the RECAP calculations taking Ball No. 1 as being representative. In this
table, R, and R/ are the principle radii of the undeformed ball at contact,

1 1

'
R2 and R2 1

Young's moduli, vy and v, are Poisson ratios, X, and ¥y, are semiaxes of Hertz

are those of the inner race, Rp is pitch radius, E, and E2 are
contact in the rolling and axial directions, Py is maximum Hertz pressure, and
Wy and w, are angular velocities of the surfaces passing the contact area. It
is interesting to note that the quantities X0 Vi and Py computed for this
table (partly independently from the RECAP) agree with those obtained from the
RECAP calculations to within small differences in their fifth digits.

The bearing parameters of interest in the experimental simulation pro-
cess are R, R/, W, E’, and the rolling velocities Uy and Uy of the two surfaces.

In view of the ball spin and the Heathcote slip, these two velocities vary with

the lateral distance y from the center of the contact area. In view of Figure 1,

u(y) = e {y)s uply) = woryly) s
Evaluating the variations of rl(y) and r2(y) geometrically, taking the curvature

of the interface to be the average of the underformed curvatures of the surfaces,

one finds
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TABLE 1, GEOMETRICAL AND PHYSICAL PARAMETERS OF THE BALL-RACE CONTACT
Parametexr Case 1 Values(a) Case 2 Values(b) Source
By» deg 26.855 27.495 RECAP
B,» deg 18.407 20.453 RECAP
Rl or Ri, inch 0.40625 0.40625 design
Rys inch 3.01375 3.03341 R2 = Rp sec B; - R1
Ré, inch -0.43875 -0.43875 design
=1/ L
R, inch 0.35799 0.35827 R= 1/(Rl * R,
R', inch 5.48438 5.48438 R = 1/(5 + =)
1 2
R'/R 15,3199 15.3080 ratio
k (= xh/yh) 0.17018 0.17026 Eq. (52) of Ref. 6(c)
m 0.48281 0.48289 Eq. (54) of Ref. 6(9)
n 2,83701 2.83617 m = kn
W, 1b 489.04 841,04 1b RECAP(®) inner race load
2 2
2 6 6 1-vy 1oy
E', 1b/inch 48,590 x 10 48,590 x 10 E'= 1/("E * =)
: 1 2
W/(E'R2) 78.533 x 1070 134.851 x 107 ratio |
1
A 0.070298 0.084179 = 3"2w R ]1/3
2E'R“(R+R')
RA, inch 0.025166 0.030159 product
Xy» inch 0.012151 0.014563 Xy = mRA
Yy inch 0.071397 0.085535 Yh = nRA
thvh, inch 0.029453 0.035294 product
(.2 - E'A R
Py» 1b/inch 269163 322370 P, = 2an (1 RY)
W,s Tpm 46891 46790 RECAP rotational velocity
W,y TPM 6962,2 6967.1 RECAP orbital velocity

(= 12500-5532.9)

(a) Case 1 has a thrust load of 3290 lb and the outer race rotating at 12500 rpm.
(b) Case 2 has a thrust load of 5800 1b and the inner race rotating at 12500 rpm.
(c) The equation is (1/k2)E(k')-K(k') _ R' where K(k') and E(k') are complete
K(k')-E(k") ~ R’
elliptic integrals and k'2=1 - k2.
(d) The equation implies that m=3/2 KE(K') *
20 - n =
e) W= =- =W and RECAP computes x and W (the mean com-
) 3 "n'bPh 7T X P h* Yh? pressive stress).
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- . 1 1
u,(y) = o [R cos(BB ) -y sin (B;-8 ) - %- (g{ R ) cos(B,-8.)] »
= - ; yo ol L
u2(y) w2[Rp Ry cosBy +ysinfi + 21 (R' R,) cos Bi] .
4 1 2
If we denote R) = -(1+e) R, so that (1*e)/2 is the usual measure of conformity
+twee o ] ¢ +1 ! o= ¥ .];-_.!'--:gj.-_e.__..._
between the ball and race, and note that Rl Rl, then Ri Ré R1(1+€) .

Note also the R2= Rp sec Bi - Rl to within the necessary accuracy. Using the
parameters shown in Table 1, it follows that

uy (y) = 1973.2 - 7214 y - 5756.6 y°

u,(y) = 1960.3 + 329.4 y + 770.9 y*

for vy in inches and u in in/@ec, and for Case 2 that

It

ul(y) 197545 - 600.7 y - 5763.4 y2 ,

uy(y) = 1963.2 + 336.8 y + 767.0 v,
The range of variation of these velocities is shown in Table 2. Values of ul4-u2
and u, - Uy are included since these are important quantities in isothermal
lubrication and heat generation, respectively. The other parameters that must be
taken into account in the simulation process are those of the lubricant viscosity.
For isothermal lubricant, the viscosity can be taken to be

b= MoéYp ’

where p is the local pressure in the lubricant, so that the base viscosity U and

the pressure viscosity coefficient vy must be considered too.

Geometry of the Rolling Disks

For experimental purposes, the contact between the rolling ball and race
is to be represented by a contact between two disks rolling together on thelr
lateral surfaces. In order to get sufficient adaptability in the disk design, the

disks may be allowed to have lateral surfaces that are either convexly or
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concavely toroidal, and the axes of rotation of the disks may be tilted with
respect to each other. The general configuration of such a system is shown in
Figure 2, which also illustrates some of the notation to be used. It should be
noted that the notation here includes a bar over each letter, the bar indicating
that this symbol refers to a parameter of the experimental model. (Parameters for
the prototype bearing are unbarred.) In drawing the rolling disks, the axis of
the upper disk (representing the inner race) has been tilted instead of that of
the lower disk (representing the ball), since the axis of the upper disk is more
easily skewed in the actual disk machine, so in effect Figure 2 1is tilted counter-
clockwise from Figure 1 by an angle BO.

Considering that the deformed radius of lateral curvature of the contact
area is % (ﬁi - ﬁé), the radii of rotation of points on the rolling surfaces at

lateral distance y from the center of contact are

—2
F )= -TenE oL () cosd
rl(y) =T -YsinB -3 (Ri R,2) cos B ,
- 72 1 1
ST = Ty Vitn B+ B+ T ) con (BB

Here ;lc and E2c represent the disk radii measured to the centers of contact, but
the principal radii of the undeformed surfaces there are denoted as ﬁl and §2 in
the rolling direction and ﬁi and ﬁé in the lateral direction. It may be observed
that the tilt angle Et corresponds to the contact angle Bo in the ball bearing, and
EC (the cone angle) corresponds to Bi—Bo’ though for the sake of generality,these
pairs of corresponding angles will not be assumed equal until that becomes neces-

sary/. From geometrical considerations,

= B T =R B +R
r,. =R cosB,, andr, =R, cos (Bt BC) .

Letting Gl and 5? e the angular velocities of the disks, their surface velocities
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Disk Na. 2

Disk No. |

FIGURE 2. GEOMETRY OF CONTACT OF TWO ROLLING DISKS
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at lateral distance ¥ from the center of contact become

2
3.(3) = G.[R T .V sing -L (& -2 3
u (y) = )[Ry cos g -y sin B -7 (Ri Ré) cos B 1 s

L

27 - ) cosByrB)]

~2
= (7Y - 5 B = ey . ==y Y
Uy(¥) = 6,[R, cos(B +B ) +Y sin(B +B )+ (i g
These velocities, together with the design radii of the disks and the load W and
the reduced elastic modulus E', define the geometrical and mechanical aspects of
the disk contact relevant to the simulation of ball-race contact.

The dimensions of dry contact between the disks may be found by the

procedure outlined in Table 1. In particular, let

- 11 11
R= 1/ + ) . R

Ry Ry R Ry
A= LEmoms r)d » where S EOTLE,

(1/F%) E(K') - K(E) _ '
K(k*) - E(k' - R ’

where K(k') and E(k') are complete elliptic integrals of the first and second

kinds and E'2 =1 - Ez. Also let

m=3 E(k") , n=mk .

b= I T N)
~1

Then the semiaxes ;h and ?h of dry contact and its maximum pressure Bh are

a: e - _FEL LR
Xh—mRA ’ Yh"nRA ’ andph_nz}ﬁr_‘[(l_’rﬁl) .
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Selection of Conditions for Experimental Similitude

The requirements for similitude in lubrication processes between the
ball-race system and the rolling-disk system are discussed in Appendix A. 1In
describing the results found there, one may let A repreéent the ratio of the
relative radius R of curvature in the rolling direction in the rolling-disk system
and the corresponding radius R in the ball-race system, that is

»=R/R .

Then for similarity in cases where the lubricant can be treated as being iso-

thermal, it is required that the radii of curvature in the transverse direction
(R' and R'), the total loads (W and W) and the surface velocities [ul(y), u2(y),
and ﬁl(?), 32(?)] at lateral distance y or ¥ (which corresponds to Ay) from the

center of contact should share the relationships

o)

' = R R
:)\2W ’

u; Oy) + u,(hy) = 4 [u (y) + u(v)]

=l

(It is assumed here that the same lubricant and bearing maferials are used in
both systems--if the materials were changed these relationships would change.)
If local temperature variations in the lubricant affect the lubrication processes
significantly then it is necessary to add the restriction

G,(00y) - G () = n [uy(y) - u (V)T s
and, in fact, to require that A = 1. (The parameter A will still be shown even
for the thermal case, so that its role may be identified in case it is not possi-
ble to satisfy completely the requirement that A = l.) These requirements for
similitude can prove to be quite stringent, so we will consider how they may be
met at various levels of exactitude. In all these cases we will include at least

some consideration of the thermal effects, since the distinctive feature of the
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present research is that it includes the effect of variable slip between the

surfaces, and this slip is important only if thermal effects are significant.

Ideal Simulation

Suppose an effort is to be made to satisfy all the requirements for

lubrication similitude that have just been stated. These imply

‘R— = }\,R, ’ ﬁ.' = )\R"
u (Ay) = auy(y), U,(ay) = Aly)s
W= 2w, A= 1.

The requirement on load W stands somewhat apart from the others, so long as the
disk machine is simply strong enough to accept any desired load, and the condi-
tion that A = 1 should perhaps be deferred during early consideration, but the
remaining four requirements intertwine in their demands on the experimental
design, so their implications need examination. Considering the definitions of
the relative radii of curvature and the quadratic functions of y that were found

for the surface velocities, these four requirements demand that

A A 1 1 “\\
e e e R
Rl - Ry R~ Ry
A A oL, L
B r L] [] ’
Ri EZ Rl R2
El ﬁl cos EC = A w R cos (Bi-Bo) R
©, sin B = w, sin (B -B,) ,
[X] W
1,0 A 1,1 1
= (& ) cos B = — (& - =7) cos (BB ) ;
4 ﬁl R2 c 4 Rl R2 "1 %o
62 ﬁ2 cos (Et + §C) =\ w, R, cos B, (Note: R, = Rpsec Bi-Rl) y
U, sin (Et + EC) = w, sin g,
) W
2 (A _ A - 2L _ L1
7] (ﬁi §é) cos (B, + B,) = : =v) cos By . /)
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This is a system of eight equations determining eight parameters of the rolling-
disk system, namely Rl’ R2, Ri, Ré, Wi Wos Et’ and Ec' Happily, the system can
be solved analytically. Combining the third, fifth, sixth, and eighth equations

properly shows that ﬁz/ﬁl = R2/Rl. It follows readily then that R, = le and

1
§2 = AR,. Then the third and fourth equations imply that El = w;, and the sixth

and seventh imply that & w

5 = Woe Then either the third and fifth or sixth and

eighth equations imply

DY T D — T T ] ’
Rl R2 R R2
and combining this with the second equation shows ﬁi = xRi and ﬁé = AR'. Finally

then, the third and fourth or sixth and seventh equations imply Ec =By - Bo and

What has been shown then is that the only selection of parameters
permissible for the rolling-disk system to represent a given ball-race configura-
tion is as follows:

Ry

AR, R,=1ARy,, R} =2XR], R})=1R),

wl-—-w

1’ 2= Vg By =ByBys By =B, -

Of course, it is also necessary that W= XQW, and when one imposes the further
condition that A = 1, it can be seen that the only permissible combination of
parameters in the rolling-disk system duplicates those of the ball-race system.
If there is any difficulty associated with using those ball-race parameters (and

there usually is!) then that difficulty is imposed on the rolling-disk experiment

if this ideal level of simulation is to be achieved.
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A Form of Close Simulation

A parameter of the ball-race system which would be particularly diffi-
cult to match in the rolling-disk machine is the angular velocity of the ball.
In the bearing to be simulated that velocity is nearly 47,000 rpm. In order to
reduce this velocity to a more reasonable level, some aspect of the simulation
process must be compromised. The compromise to be chosen i1s somewhat arbitrary,
but it seems reasonable to approach the choice by seeking to make the compromise
as harmless as possible. To accomplish this, we may observe in Table 2 that
up F U, varies by only a few percent in either case considered there. Since
changes of this magnitude should not affect either the lubricant film thickness

(7,8) significantly in comparison to the expected

or the pressure distribution
accuracy of measurement of them, if seems reasonable to neglect consideration of
the coefficients y and y2 in Uy + U, while choosing the disk parameters. The

constant term of‘ul + u, can still be retained in the simulation, together with

all three coefficients of Uy = Uje When this is done, System I is replaced by

A A 1 1

=+ = = g+ 5 ’
ﬁl §2 Rl R2

A A 1

Tt v = g7t Ry >
Rl R Ry Ry

w) Ry cos B =\ w R cos (Bi—Bo) s

52 R, cos (Et + EC) = A\ w, R, cos B, )

W, sin EC + @, sin (Etﬁ-gc) = w, sin (Bi—eo) + w, sin B,

1 - — - —_—_ 1,1 1

2 (%?-—%Z)[wl cos B +u, COS(B£+BC)]::Z (ﬁ;-—ﬁg)[wl cos(Bi—Bo)+-wQCosBi].

This is a system of six equations for the eight unknown parameters ﬁl’ §2, ﬁi, ﬁ’,

wl, 52, Et’ and Ec’ so two of these parameters may be assigned arbitrarily. One

obvious choice to make is 52 = 51’ so that the burden of achieving the high

IT
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required angular velocities can be shared equally by the two disks. It would be

nice to take also ﬁé = ﬁi, so that the disks could be crowned equally, but this

choice would violate the last equation of System II. Thus, we choose instead to
assign Et = 0, so that the axes of the disks can be kept parallel. Under the

assumptions that

w,=w, and §t=0 ,

2 1
the System II can be solved by a process much like that applied to System I, If

we use the notation
W

R : 1,1 1
ulo::lelcos(Bi—Bo), ull==-w131n(ai—ao), U= (Rl ﬁE)COS(B B, )s

sin B,, U _22 (;L
39 - [ X
2 i 22 4 Rl R2

these being simply the three coefficients of ul(y) and of u2(y) respectively, then

U, = RAWACOS Bi’ u

20~ "o¥o =W

21

the solution of System II can be written as

Uy _ u
aR (14 =2 R:m<1+—20
1 u2 2 ul

el
il

Ry = 7*/[212' + Rluyp-uy,) o>]

R! = - 1l —

Ry = "/[23' Upo Uy o) (G o u20>]
2 2 2

. “1o¥20 (ug;-uyy) ]1/2 = 5)

1720 o2 Z = ’
1620

_ R(u,, ~u,q ) (uy Fuqns) _
tan g = 2l il = 10 20 . (and By = 0) .
10%20

To resolve any doubt about whether the arbitrary assignment of the

parameters &, and Bt creates unacceptable changes in the y and ?2 terms of U +U,,

2
it may be observed readily from the equations for Gl(?) and 52(?) that taking

Yo T

versely that making those terms vanish implies that El =W, and Et = 0. Since

and Et = 0 simply makes those two terms of Gl(?)4+ ﬁz(?) vanish, and con-
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these terms were supposed to be small compared to the constant term, this approxi-
mation should be quite acceptable.
For the two cases of ball-race contact described by Tables 1 and 2, the

disk parameters needed for this approximate simulation are as follows:

Parameter Value for Case 1 Value for Case 2
Ry, in. 0.71834) 0.71878)\
R2, in. 0.71364)\ 0.71431)

Ri, in. 0.40527) 0.40531)

Ré, in. -0.43761) -0.43765)
531(= 62), Tpm 26707 26624

Bos deg 10.828 9.679

Et, deg 0.000 0.000

W, 1b 489,042 841,042

Of course, for complete thermal similitude, one also should have A = 1.

Possible objections to these parameters for experimental use are that

Rl and §2 are small and that Eé is negative (so that one disk has an inverted

crown). The smallness of R, and R , however, probably is beneficial for our pres-
2

1
ent rolling-disk equipment which is somewhat limited in the loads it can tolerate.
In order to avoid the negative ﬁé, some further compromise of the similarity must

be made.

A Convenient Form of Simulation

In order to avoid negative curvature on both disks, some further as-
pect of similarity must be neglected. The choice here is not so painless as in
the previous approximation, but one more fairly reasonable approximation is
available. It is to disregard similérity as it affects the constant and the qua-
dratic terms of Uy=U e Keeping the linear term provides variable slip between the

surfaces, and the discrepancy between that slip and the slip of the two cases of
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ball-race contact under consideration reaches only about 30 percent of the maximum
calculated slip. If we keep also the constant term of U+ U, in arranging
similarity, but again drop the linear and quadratic terms, the Systems I and II

are now replaced by the following system:

)
%{+%§:§%+R_l'2- ’ Rt
Elﬁl cos §c+-;2§2 cos(§£+gc):=leRl cos(Bi—eo)+'Xw2R2 cos B,
Dl sin Bc+-B2 sin(éﬁ+éc) = u; sin(Bi-ao) + w, sin g, .

J/

Now there are only four equations relating the eight unknowns Rl, ﬁz, ﬁi, ﬁé, El’
52, Et’ and EC, so four of those unknowns may have values assigned to them arbi-
trarily. Two obvious choices to make are 52 = El and Bt = 0, so these will be
taken. Another obvious choice, which is now acceptable since the quadratic terms
of both up; U, and u, - u, are being ignored, is that ﬁé = ﬁi. To this we add the
choice that §2 = El’ since this will make the fwo disks geometrically alike, and
that likeness will make the lubricant film as flat as possible and facilitate
possible passage of X-rays for film-thickness measurements. With these assigned

values, the solution of System III becomes

R, = R, = 2\R N R

1= By 1= By = AR
- _[_1 2,1 ) /2 =
Wy = [ 5 (g + ugg)™ + 7 luyy = upy) ] (= w))
16R
2R(u., -u, . ) _
tan B = ——;—3%5—11- » (and By = 0) .
10" Y20

s A - - n Rt — Nt
The effect of the assignments Wy = Wy Bt = 0, Rl = R2, and Rl = R} on

2
Gl(?)-+ 32(?) and 52(?) - Gl(?) is simply to make the linear and quadratic terms
of the sum vanish, and to make the constant and quadratic terms of the difference

vanish., These are approximations which should be widely acceptable, though this

approximation in To(¥) - U1(¥) is somewhat poorer than the previous approximation.
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For this last approximate simulation, the parameters needed for the disks
corresponding to the ball and race for the cases described by Tables 1 and 2 are

as follows:

Parameter Value for Case I Value for Case II

ﬁl,in. 0.71598) 0.7165)
Ry in. 0.71589)\ 0.7165)
ﬁ% in. 10.9688) 10.9688),
ﬁé,in. 10.9688) 10.9688)
al(z &2), rpm 26707 26721
60, deg 10.828 o 9.679

ét, deg 0.000 0.000

W, lb 489.04),° 841.04)2

Complete thermal similitude again demands that ) = 1.

The Effect of Further Compromise of Similarity

The set of parameters suggested in the last preceding list should pro-
vide reasonably good similarity between rolling-disk experiments and the ball-race
system, and they should also be relatively usable experimentally. Problems that
may yet occur with simulations of this sort are that the disks may need to have
slightly larger radii, and it may not be possible to drive the disks entirely up
to the specified speeds. These difficulties will be overcome by refining the
experimental arrangements if this is feasible, but if this refinement cannot be
made entirely, we can still estimate the effect of such deficiencies by reviewing
the simulation theory which has been provided.

If it is necessary to take the relative rolling radius greater for the

disks than for the ball bearing, that is R > R or A > 1, then both the rolling
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and crown radii of both disks should be increased by the same factor A, and the
applied load should be increased by the factor 12. The effect of such an expan-
sion will be to increase the local thermal disturbances, since the thermal conduc-
tivity of the lubricant and bearing material will not ﬁave been increased by the
factor Az as similarity principles would require. Thus, if oné took % = 2, the
magnitude of the temperature variations would be roughly quadrupled, and effects
dependent on the lubricant viscosity would be magnified accordingly. One way to
gage such effedfs experimentally would be to perform two experiments using dif-
ferent values of ), but this is perhaps too expensive a technique to use for
the present. It seems better just to make ) as close to unity as possible, and to
estimate the thermal effects as has been indicated.

If it proves impossible to run the experiments at the desired rates of
revolution, then a sequénce of experiments can be run at several different lower
rates, and an estimate of values to be expected at the full rate can be made by
extrapolation. Of course, it will be desirable to make the extrapolation as short
as possible, that is to have one experiment approach the desired speed as closely
as possible. Problems with speed have beeﬁ experienced through power limitations
of the motors, and vibrations eventually might arise. OQur experiments to date
have used fairly light slip between the disks, and the slip processes may prove
quite power consuming. If difficulties with power are very bad, it would be
possible, of course, to reduce éc’ the angle of inclination of the contact area,
but this would represent another deficiency of simulation with effects that could

be corrected probably only by extrapolation of the experimental results.

OBSERVATIONS TO BE MADE EXPERIMENTALLY

Conditions have been determined to make rolling-disk experiments simulate

lubrication in the ball bearing of interest to the NASA Lewis Research Center
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to various degrees of accuracys However, some other matters rélevant to experiments
also deserve consideration. Thus the experimental program to be chosen should
account for both these kinds of considerations

The distinctive features of the planned experiments are that they are
to be closely related to the operation of a particular bearing, and that they are
to include, in particular, some simulation of the nonuniform sliding between the
bearing surfaces. The simulation of nonuniform sliding represents a new experi-
mental condition, and as such should be treated so that its principal effects can
be identified, though it should not be necessary to simulate all details of the
sliding in the early stages of experimentation. Since the sliding is expected to
be most influential by way of its thermal effects, it is very desirable to seek
good simulation of the temperature distribution. To achieve this, the geometric
expansion factor A applied to the relative rolling radius should be as near to
unity as possible. Thus it is intended to take A = la

The high rolling speeds required for ideal simulation of the ball
bearing appear prohibitive, so one of the approximate forms of simulation is much
to be preferred. Beyond this, since X-ray measurements of film thickness are to
be made, it becomes quite desirable for both disks to have the same rolling radii
and the same crown radiis. The choice of this symnnetry entails some loss in the
simulation of sliding between the surfaces, but that loss is not large enough to
deny the virtue of choosing symmetric diskse. Therefore, ths method of simulation
described above as "convenient" will be useds This method produces surface
sliding that varies linearly from side to side of the contact area and vanishes
at the centere (Close simulation of the sliding at both 2nds of the disks still
may be achieved by driving one disk a little‘faster and the other disk the same
amount slower, though such differential driving worsens the simulation of the

slip rate at the center of contact.) The disks to be used will have diameters
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of approximately 1.41 in. (= 2 x 0.717 cos 9.68°) to their centers of contact,
and their crown radii will be about 11.0 in.

It is inconvenient to require many sets of disks, especially for no
greater persuasion than to make the cone angle éc vary slightly as the lcad is
changed. Therefore, the same cone angle will be used regardless of the load, and
that angle will be taken to be about 10 degrees.  This will tend to make the
sliding slightly less or more than the desired value according as the maximum
Hertz pressure is less or more than about 310,000 psi. However, while no variation
of éc according to load is planned, it is believed that control experiments are
very desirable to gage the actual influence of sliding on the lubrication pro-
cesses. Therefore, it 1s planned to perform a complementary set of experiments
using disks without cqned surfaces, that is with éc = 0.

The rolling speed of the surface of a disk with disk-radius 1.41 in.
rotating at 26721 rpm is 1976 in./sec or 9882 ft.min. This speed is the one
required for simulation of Case II operation of the prototype ball bearing
according to the "convenient" simulation procedure. Of course, experiments should
be performed at varying speeds, so it is suggested here that a good set of experi-
mental rolling velocities would be 2,000, 4,000, 6,000, 8,000, and 10,000 ft/min
for each disk. If vibrations or power limitations preclude achievement of the
highest velocity, then experiments should be performed at velocities as high as
possible,

The maximum Hertz pressures in Cases I and II as stated for the ball
bearing are approximately 269,000 and 322,000 psi. There is also some interest
in what may happen if this pressure goes as high as 400,000 psi. Of course, a
frequently used level in the earlier Battelle studies was 100,000 psi. Thus it

seems that a reasonable set of maximum Hertz pressures to be used in selecting
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experimental conditions for the present program is 100,000, 175,000, 250,000,
325,000, and 400,000 psi. Loads which should produce these are easily computed,
since maximum Hertz pressure varies as the cube root of the load, and the
pressure 322,000 psi is produced by a normal load of 841 1lb on the disks that are
here proposed. (Note that getting an 841-1b normal load requires a diametral
load of 841 cos 10° = 828 lb and a thrust load of 841 sin 10° = 146 1b.)

The film thicknesses are being measured by counting X-rays transmitted
through the lubricant film in the contact area. The X-rays are projected in the
direction of rolling, and since there is some reason to expect the films to be
thinner near the ends than near the center(g), measurements of film thickness
will be made at many axial positions.

At positions away from the center line, the disk radii will be unequal,
and this will warp the lubricant film and cause some loss of X-ray transmission.
The warpage should be the same as that of the surface midway between the disks
béfore they are deformed. At distance x in the rolling direction and § in the
axial direction from the center of contact, the deflection of that midway surface

from the central tangent plane is (Cf. Figure 2):

5 2
- = 1 1 1 1
6(%,y) = =- — - . +L[—. -——_] ,
7|3 - - - 4 |&e TR
T sec(BC-—gg) r, sec(BC+-€§)

-2

where T = 1. -y sin B, - Y cosf. and T,=7T, + ysinB_ - 2 cos B -
2R1
2
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ifR. =R R = R! T =T
Then if Rl R2 ’ Rl R2 s so that Tl g r2

disk radii),

. (these being center-of-contact

- R - - -
-0 | = - cos =% - 1} sin 2=+ =L sin =
( ) X'y sin B, cos B¢ Ri v Ri 2Ri Ri
8 {xX,y) = = . =
=2 -2 -4
2r -
le l- {tanzﬁc’“ ﬁ‘}}%ﬁ —=3
1
11R)  4RyRy
X7y sin ﬁc cos éc ﬁl
~ - l - .
-2 ot
2 Tlc !

The greatest value of this deflection in the dry-contact area occurs on the

boundary ellipse at y = §h /A3 and is

5 A3 §§§h sin B, cos éc ﬁl
max © =2 l- D1 ‘
9r Rl
1lc

Taking representative values x, = 0.01456 in., §h = 0,0855 in., T

h - 0.706 in.

1

(= 0.717 cos 10°, inch), and B, = 10° makes this b = - 112X 107° in.
This distance is small enough so that the warpage of the lubricant film should
not cause any great loss in X-ray transmission, and it should be possible to
correct for such a loss if that is necessary.

Consideration had been given to measuring film-thickness profiles using
X~-rays projected across the contact area in the axial direction (circumferential

profile), but it is now recommended that such measurements should be deferred.



25

There is a strong possibility that the rolling surfaces dip toward each other

(9)

along a curve approximating the trailing edge of contact. In such a case, the
film thickness would vary in a pattern hard to detect by X-rays projected in the
axial direction, and measurements using those X—raYs would add little to the
information obtainable from X-rays projected in the rolling direction (axial
profile). Since also the rolling-disk machine lacks adequate space for axial
projection of X-rays when the disks are as small as now seem needed, the use of
such projection apparently should be deferred.

Both pressure distributions and lubricant film thicknesses are poten-
tially important factors affecting bearing life. Therefore, measurements of
pressure as well as film thickness might be desirable. If pressure were measured,
it would be by using manganin pressure transducers shaped so as to measure spot
pressures (that is, pressures over regions with both length and width small with
respect to the length and width of the contact area). Difficult with such measure-
ments would be expected at higher temperatures, since transducers have not yet
been used for T~ 350 F.

Various lubricants will be used, of course, these being ones that are
NASA candidate oils for the ball bearing under consideration. The operating
temperatures for them should represent levels expected by NASA when possible.

Thus, the recommended design parameters and measurements to be used
experimentally are those shown in Table 3. It is not suggested that all combina-
tions of these parameters should be used; it is suggested merely that the parame-
ters for any experiment should be drawn from values suggested in the table. The

geometry recommended is shown in Figure 3.
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TABLE 3. SPECIFICATIONS SUGGESTED FOR ROLLING-DISK EXPERIMENTS

Parameter or Measurement Suggested Choices
Disk radii (1:1l cos B, = R, cos ac) , 0.71 in.
Crown radii (R} = RJ}) 11,0 in.
Cone angle (Ec) 0°, 10°
Axial tilt angle (E;) 0°

Rolling speed (T, B,= Ty, ®,) 2,000 (2,000) 10,000 ft/min

Maximum Hertz pressure (ph) 100,000 (75,000) 400,000 psi
Lubricants NASA candidate lubricants
Temperatures , 250 F to 600 F

Pressure measurement Manganin transducer for T < 350 F
Film-thickness measurement .X-rays in rolling direction

The required load varies as pg. For Pp, measured in lb/in?, the propor-
tionality factor would be 25078 x 10“18 for Case 1, or 25105 x 10_18 for Case 2.

Thus a good value in any case is

W = 25100 (10'6 p )3 for p, ~ 1b/in.2.

h
This normal load should be multiplied by cosl0® to find the diametral load (that

is, the directly applied load).
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EXPERIMENTAL STUDIES WITH SIMILITUDE DISKS

By means of the similitude analysis it was possible to define
accurately a disk geometry to be used in the lubrication experiments. This
geometry is sumnarized in Table 3« The next step in the research program then
was to svaluate the feasibility of conducting disk lubrication experiments with
this geometry. under severe operating condition of loads, speeds, and temperaturese.
The targets for these conditions were simulation of loads to 400,000 psi maximum

contact pressures, full bearing speeds to 12500 rpm and temperatures to 600 Fa

Description of Basic Apparatus

The rolling-disk apparatus which was developed for use in this study is
shown pictorially in Figure 4. Each of the contacting disks is driven by a
5 HP variable-speed high~frequency induction motor; disk and motor rotor are
both mounted on the same shaft. These shafts are supported by precision
(ABEC-7) duplex ball bearings; the main support bearings, adjacent to the disks,
are 45-mm bore, and the outboard bearings are 35-mm bores The bearings are
lubricated and cooled by a jetlubrication systems Disk loading is accomplished
through a cantilever beam actuated by a pneumatic cylinders

Various adjustments allow the disks to be positioned quite accurately
with respect to each others The lower disk assembly may be positioned axially
with respect to the upper through a dovetail mountings The lower assembly may
also be swiveled in a horizontal plane to eliminate skewing at the contact areas
Finally, the axis of the upper disk assembly may be tilt—aligned with that of the

lower by means of jackscrews built into the base plates.
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A recirculating lubrication system is used for the disks, with

the supply pump submerged in the oil pump. Lubricant is fed to the con*act zone
by means of an oil jet, and is scavenged by a gravity return to the sumps The
lubricant is filtered and preheatéd before entering the contact zons. The disks
are enclosed in a special ‘can' arrangement which serves as a container for the
lubricant and‘contains the heate:s for the disks The can region is designed to
operate above 600 E;which is significantly higher than the temperature 1limit of
the support bearings. Heat must be continuously supplied‘to the disks and

removed from the bearings to maintain this required temperature differential.

Instrumentation

Perhaps thée most critical aspect of the lubrication process occurring
between rolling-contact disks is the thickness of the elastohydrodynanic
lubricant film which is formeds The primary instrumentation %o be used with
the disk rig, then, is an X-ray technique for measuring this film thickness.,

As a supplement to this technique, dielectric-strength measurements are being
used to observe the extent of fluid film breakdown.

The Battelle X-ray technique was #8escribed by Sibley and Austin( 1)4 It
consists essentially of flooding the contact region between the disks with X-rays
and of measuring the rate of transmission of X-rays by the lubricant film. The
X-rays are absorbed only slightly by the lubricant but find the steel quite
opaques. Thus, the rate of X-ray transmission can be related, by an appropriate
calibration factor, to the film thicknessa

Figure 5 is a schematic diagram of the X-ray systems An X-ray souxrce

tuba is used which emits X-rays in a vertical "line" pattern. A metal shield
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containing a horizontal slit about 0.01 in, high s located in front of this
line source. By moving the slit vertically, the elevation of the X~-ray beam 1s
controlled. The beam then diverges into a collimating tube. At the snd of this

3 a slit about 1/8-in. highy, oriented parallel to the plane of the disk

[ o

tubez
contact area. The resulting line pattern through the slit is parallel and uaiform.
The beém now passes through the contact zone between the disks and is
detected at the other end by a scintillation counter, in front of which s fixed
a third slit, oriented perpendicular to the plane of the contact regions The
counter is transversed across the contact region in predetermined increments,
giving a measure of the beam intensity, or count, at each increment. In this
mannery, a profile of the film thickness across the entire width of the disk
can be founds
Calibration of the X-ray technique is obtained by spreading the disks
in small amounts by means of a precise adjusting screw, and msanwhile observing
the X~ray count for these known separationss A typical calibration curve is
given in Figure 63 the lubricant in use was XRM-177.
In addition %o the X-ray instrumentation, provision for observing the
dielectric strength of the lubricant film has been incorporated into the
apparatus. A schematic dilagram of this circuit 1s given in Figure 7. One
disk is electrically isolated from the other; an a-c voltags is applied across

the disks and the sxtent of film breakdown .1s monitored by means of an oscilloscope.
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Modification of Apparatus for High-Load, High-Temperature Studies

The disk apparatus was originally designed for performing experiments
with six-inch-diameter disks at temperaturss around 400 F. The high-temperature
conditions to be encompassed by the program, ahd the disk specifications of
Table 3, necessitated some modifications to the o&iginal‘apparatus. One of
the primary objectives of Task II, therefbre,'was to make and test the requi;ed
modificationss This primarily involved the utilization of much snaller disks,
and the minimization of possible problems of corrosion énd contamination assoclated
with the operation, for sustained periods of time, at lubricant temperatures up

to 600-700 Fe.

EFeatures Incorporated into Apparatus to Allow for High-Temperature Experiments

Tne disks are operated in a nitrogen environment to prevént oxidation of
the lubricant being evaluatede Nitrogen is also forced into the center of the
labyrinth seal between each disk and the adjacent suppor@‘bearing, to minimize
any back flow of air into the inerted disk chamber. Flow meters have been provided
to monitor nitrogen flow to each of these areasa.

The disk chamber is fdtally enclosed by a second chambers. Sheath
heaters for heating the disk to the desired operating temperature are brazed
to the outside surface of fhis enclosures A cutaway view of the diék container/
heater is given in Figure 8. Figure 9 is an exterior view of the container
with the upper disk removed« One problem in heating the disks is that the
surrounding environment must be significantly cooler than the disk surface. The
support bearings should not be heated in excess of 350 F, and some of the X-ray
components such as the counter tube must be essentially at room temperatire.

The double-can arrangsment has worked remarkably well in controlling and

containing the heated regiona
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Lubricant is supplied to the disks through a jet located at the inlet
zone of the contact region. The lubricant is pumped through two heat exchangers
upstream of the contact zone to preheat the lubricant to the desired temperature.
In addition, high-capacity heat tapes surrounding the disk-lubricant plumbing
lines and sump aid in maintaining the bulk of the lubricant at a preset tempera-
ture. Chromel-alumel thermocouples are used to measure temperatures at the disk
surface, the lubricant inlet manifold, two points on the disk chamber, the
lubricant sump, and both outboard bearings. These temperatures are read out on
a multipoint recorder.

A schematic diagram of the lubrication system is given in Figure 10,
The disk-lubricant lines including all component tubing, fittings, valves, and
gages are made of stainless steel. To avoid temperature degradation of the disk-
lgbricant-pump main-shaft seal and consequent contamination of the lubricating
fluid, this seal has been eliminated altogether. This was made possible by
designing an enclosure (also nitrogen-pressurized) for the entire pump, such
that the pump operates completely immersed in lubricant. This enclosure is also

utilized as a sump for the bulk of the lubricant in the system.

Fabrication of Similitude Disks

As a result of the analyses, it was concluded that simulation of the
ball-race lubrication of the 120-mm-bore angular-contact ball bearing could
be obtained with a pair of rolling-disks by proper selection of the disk geometry.
It was also tactily concluded that the use of disks of other than the proper
geometry would yield, at best, results that would be questionable when related to
that bearing. The disks must be very small, 1,42 in, in diameter, and have
a cone angle of 10 degrees and a crown radius of 1l in. (see Table 2). Such

disks, although basically feasible, were significantly different from those
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that the experimental apparatus had been designed to accommodate. However, in
order to evaluate accurately the feasibility of using the disk apparatus for
lubrication experiments it was mandatory that this apparatus be evaluated under
conditions which properly simulated the actual operating conditions. Actually,
two types of disks are needed for the study. One type is the coned disk
described aboves the second is similar, but without the 10 degree cone angle.

The fabrication of l.42-in.-diameter disks presented a few unique
problems in the program since these disks were smaller in diameter than the
supporting shaft at the main support (45-mm) bearings. Special shafts were,
therefore, needed to accommodate the disks. The shaft design chosen involved a
permanent attachment of the disks to the shaft. The shafts were fabricated
from tool steel, through-hardened to RC45. For proper simulation, the disks
were made from high-temperature MBSO bearing steel hardened to RC60. The heat
treatment for the disks was consistent with the required procedure for MSO.
A photograph of the disk/driving shaft arrangement is shown in Figure 11,
Integral with each disk is a small stub-shaft which is pressed into the shaft
with a 0.003 in. interference fit. Since the disk will typically be‘hotter than
the shaft there should be no reduction of this fit at temperatu;e. The stub
shaft itself is hollow to reduce the transfer of heat from the disk to the bearings.

The disks were finished after assembly with the shaft by grinding on
the shaft centers. 1In the case of similitude disks, the cone angle was machined
onto the disk. The disks were then finish-lapped while mounted on their

bearings, using a fine diamond dust compound with a special lapping fixture
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FIGURE 11. DRIVE SHAFT WITH INTEGRAL DISK

FIGURE 12, LAPPING FIXTURE IN OPERATION
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designed to generate the crown radius. This fixture is shown in Figure 12 and
involves a block-lap on an ll-in. swinging-arm arrangement. The resulting
surface finish roughness was 1-2 microinches rms. The "run-out" of the disks
after finish-lapping was approximately 50 x 10_6 in., TIR. A Talysurf trace of
a replica of the finished lower disk is given in Figure 13. The disk-shaft

assemblies were commercially balanced for speeds to 25,000 rpm.

Exploratory Experiments With Similitude Disks

Check-0Out Tests

The target maximum conditions for the similitude-disk experiments were:
l. Disk speeds to 27,000 rpm to simulate bearings at 12,500 rpm
2. Loads producing bearing pressures to 400,000 psi
3. Temperatures to 600 F.
A preliminary check-out of the equipment revealed that the 600 F ambient
temperature and the loading criteria were quite feasible. The upper limit on
the speed of the disk, however, was limited by the drive motors to around
22,000 rpm.

Exploratory Experiments

Exploratory experiments have been conducted both to evaluate the usability
of the apparatus and the film-thickness instrumentation plus the feasibility of
digk film-thickness experiments for the target conditions. These experiments were
conducted in a nitrogen environment with a synthetic paraffinic fluid, designated
XRM-177, manufactured by Mobil Oil Company. Two types of experiments were conducted.
One type involved measuring an axial profile of the lubricated contact zone between

the disks using the X-ray technique. The second type of experiment involved
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measuring only the minimum film thickness between the disks. A summary of the
conditions included in the experiments is given in Table 4.

Experiments were successfully conducted at disk temperatures up to
600 F with the disk rotating at 20,000 rpm under 200,000 psi contact pressures.
Under theee very severe conditions only very thin films ( ~1 microinch) were
observed using the X-ray technique. Further, partial although not complete break-
down of the lubricant film between the disk was observed at these conditions --
using the dielectric breakdown technique.

An axial profile of the disk contact zone obtained by scanning the
X-ray counter, axially, in this zone is given in Figure 14 for a 600 F, 10,000 rpm,
200,000 psi condition. The mean film thickness indication here is about
1 microinch. The disks were adjusted tangentially such that the maximum
X-ray signal was being received at the center of contact to ascertain that the
disk contact zone was aligned with the X-ray beam. There appears to be a
possible thinning of the film at the edges of the contact zone in this profile,
although this edge thinning could also be due to a skewing of the upper disk
relative to the lower. A later check of the disks revealed that apparent
contact in the‘entire contact zone had occurred; evidence of scuffing in the
edge regions was seen. A photograph taken of the upper disk after the
experiments,showing the wear area and the scuffing is given in Figure 15.

At the 600 F, 10,000 rpm condition, the loading between the disks was
increased to approximately 370, 000 psi to check the load-supporting capabilities
of the lubricant. At this highest loading condition vibration in the
apparatus occurred and indications of a zero film thickness were obtained,

by the dielectric breakdown technique.
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TABLE 4. SEQUENCE OF EXPLORATORY EXPERIMENTS WITH SIMILITUDE DISKS
Minimum
Maximum Type Film
Case  Temperature, Contact Pressure, Speed, of Thickness,
Number F bsi rpm Experiment microinches
1 Ambient 400,000 0
2 200 200,000 10,000 Profile 18
3 " 250,000 10,000 " 15
4 " 200,000 15,000 Film Thickness 23
5 " 200,000 20,000 " 25
6 400 200,000 10,000 Profile 3
7 " 200,000 15,000 Film Thickness 4
8 " 200,000 20,000 " 6
9 600 200,000 10,000 Profile ~1
10 " 200,000 15,000 Film Thickness ~ 1
11 " 200,000 20,000 " ~ 1
12 " 250,000 20,000 " ~1
13 " 370,000 10,000 "

—~
Al
~—

These disks were 1.41 in. in diameter and had a cone angle of 10 degrees.
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Load 200,000 psi

Speed 10,000 rpm
Temp. 600 F
Lubricant XRM-177

60+
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FIGURE 14. AXIAL PROFILE OF SIMILITUDE DISKS
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FIGURE 15, UPPER DISK AFTER RUNNING AT 200,000 PSI AND 600 F
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At the lower temperature conditions a definite indication of a film
was apparent for all of the few conditions checked. This film ranged from
3-4 microinches at 10,000 rpm to 5-5 microinches at 20,000 rpm for the 400 F‘
conditions. Films of this magnitude are consistent with the extrapolation of
other film thickness measurements obtained at Battelle. An axial profile
obtained at 400 F for the 10,000 -rpm, 200,000-psi condition is given in Figure 16.
No apparent édge thinning exists in this profile. For the lowest temperature
condition, 200 F,a sizable film was exhibited. An axial profile at this lower
temperature condition is given in Figure 17.

In general the exploratory experiments have been quite informative
about the lubrication of bearings under severe conditions of operation. However,
these experiments were not intended as a mechanism for evaluating the XRM~177
lubricant or the feasibility of running bearings at 600 F, and much more elaborate
experiments and observations are certainly needed. The results are intriguing
and do demonstrate that this type of experiment is both possible and feasible.

Future experiments should be most informatives.

CONCLUSIONS

A program has been conducted to evaluate the feasibility of using an
X-ray film thickness measuring scheme in conjunction with a lubricated rolling
disk apparatus for evaluating lubrication under high load, high temperature and
high speed conditionse The first objective of the study was to design a pair of
disks that,when loaded together in lubricated contact, would yield an accurate
simulation of the contact situafion between a ball and race in a 120-mn-bore
angular-eontact bearing. The second objective was to evaluate the feasibility
of conducting lubrication experiments with the designed disk under very severe

conditions, using the X-ray techniques.
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Load 200,000 psi
Speed 10,000 rpm
Temp. 400 F

Lubricant XRM-177 F
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FIGURE 16. AXIAL PROFILE OF SIMILITUDE DISKS
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Load 200,000 psi
Speed 10,000 rpm
Temp. 200 F
Lubricant XRM-177 F
300+
250+
O
w
. n
»
® 2001
P
3 P
\ O
(&
\ Z 150+
_ a
\ x
v A
M
| hu 100+ ‘
.'i" L | A h A L 41'
Win v" iy ,m' Tl "
S50+
| 5 -+ % ; .l 3
06 04 - 02 0 02 04 06

AXIAL DISTANCE, INCH

FIGURE 17. AXIAL PROFILE OF SIMILITUDE-DISKS




51

A comprehensive analysis was conducted in the sfudy to define a disk
geometry which would yield accurate simulation of a 120-mn-bore bearing. This
analysis was based on a nondimensionalizing process for the differential
equations governing bearing lubricatlion; consideration was given to elasticity
effects, thermal effects, and hydrodynaric effects. As a result of this phase
of the study it was concluded that accurate bearing lubrication experiments

could be conducted with a pair of disks meeting the following specificationss:

Disk Material M=-50 steel
Disk Diameter 1.42 in.
Cone Angle 10°

Tilt Angle 0°

Crown Radius 11 in.

Disk speeds to 27,000 rpm to simulate bearings at 12,500 rpm

Loads producing bearing pressures to 400,000 psi

Temperature 600 F.

An existing disk machine was modified to be used for the experiments.
A set of disks meeting the target specifications was fabricated and lapped to
a 1-2 m.croinch finish with almost perfect run-out in their support bearings.
From a series of check-out experiménts, it appears that all target conditions
are feasible except perhaps the 27,000-rpm-speed conditions; here 20,000 rpm is
the upper limit of the drive motors.

A series of exploratory experiments have been conducted to determine if
measurable lubricant films exist under very severe condition of operation. At

600 F only very thin films were observed ( ~l microinch) although there was
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evidence of disk separation with both the X-ray technique and a dielectric
breakdown scheme for a loading of even up to 200,000 péi contact pressure. At a
temperature Qf 400 F a lubficant fiim around five microinches thick was obéerved.
In general, the study ﬁas shown that realistié simulation of bearing
operation can be had usiné rolling aiéks, by suitable selection of the disk |
geometry. Further film—thickness experiments under high speed, high load, and

high temperature appear to be quite feasible.
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APPENDIX

PRINCIPLES OF MODELING BALL~RACE LUBRICATION

Nature of the Problem

The shape of the lubricating film between a ball and its race and the
distribution of pressure it exerts on the bearing surfaces depend on the physical
properties of the sﬁrfaces and the lubricant and on operating conditions such as
load, speed, and temperature. To get a good quantitative interpretation of these
processes directly for a ball bearing, however, would require either experi-
mentation which is still quite difficult or a laborious elastohydrodynamic
analysis for which the foundations are still somewhat unstable.

Two disks rolling together in lubricated contact likewise develop a
film of lubricant between them. Great similarity between this lubricating
action and that generated by a ball rolling in a race could be had by making
the conformity between the disks be the same as that between the bali and race,
by imposing the same load and surface motions in both cases, and by using the
same bearing materials, lubricant, and temperature. Such similarity might be
advantageoué for the study of lubrication in ball bearings, since it would allow
experiments with disks to replace difficult experiments with ball bearings, but
arranging thus for great similarity would bring difficult problems in itself.

Tor example, the making of X-ray measurements of film-thickness requires the
lubricating film to be flat enough to permit passage of X-rays. This flatness is
impossible in most bearings, but it is not much less so in completely simulating
disks. Again, if similarity is relaxed to allow geometric eﬁlargement in order

to facilitate use of a pressure transducer in the contact area between any experi-

mental disks (here called the model) as compared to any bearing (here called the
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prototype), then applying proper pressure over the larger area may overload the
bearings supporting the disks as well as raise questions about loss of similarity
through the enlargement. These sorts of problems demand an analysis of the
similarity between the ball-bearing and experimental disk forms of lubrication.
The analysis must allow for complexities such as toroidal rounding and spinning
of the surfaces representing aspects of ball-race motion, and it should clarify
the possible necessity of sacrificing some similarity in lubrication for egperi—
mental considerations.

One of the distinctive features of ball—race motion is that there is
considerable variation of interfacial slip across the contact area. This slip
arises because a ball typically spins with respect ‘to one race as well as because
the curvature of the contact area puts different parts of it at different dis-
tances from the axis of revolution of the ball. This latter component of slip,
called Heathcote slip, varies parabolically from one side of the race to the
other, whereas the slip due to ball spin varies almost linearly from side té
side. Linear variation of slip from side to side can be simulated in the disk
configuration by coning both disks, and parabolic variation can be had by making
the rolling face concave on one disk and convex on the other. For the ball-race
motion to be considered here, the slip contributed by ball spin is expected to be
dominant, so coning of the disks is expected to be more important in the simula-
tion process than is toroidal rounding. Nevertheless, both of these aspects of
disk geometry will be given consideration.

A potentially important result of sliding between the ball and race
surfaces is that the lubricant will undergo local heating, which of course can
reduce the lubricant viscosity and hence alter the lubrication process. This

indirect effect of ball-race slip (via temperature) can be more influential on
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the lubrication processes than are the direct effects (that is, via forces aris-
ing directly from lubricant shearing).

Therefore, while some modeling of ball-race lubrication may be justi-
fiable using a disk-disk configuration neglecting thermal aspects of the modeling
process, really good modeling should include thermal as well as direct, mechanical
similitude.

It will be shown that thermal similitude can be had in addition to
mechanical similitude only under very restrictive conditions which may often be
objectionably hard to fulfill. Therefore, consideration will be given first to
isothermal modeling which treats thermal complications as being negligible, but
attention will be given also to possible inclusion of thermal similitude.

In order to gain advantage from existing lubrication theories which
treat almost exclusively the case of rolling cylinders, the problem of similitude
between ball-race and disk-disk lubrication will be considered at first in terms
of the theory for rolling cylinders, and the process will be assumed also to be
isothermal. Then noncylindrical rollers will be considered, and thermal problems
will be considered later. These considerations form the basis for modeling the

particular ball-race configuration of the present study.

Notation

The notation to be used in the mathematical discussion includes the
following:
¢ = gpecific heat of lubricant

El,E2 = Young's modulus for material of surface No. 1, 2
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1-v2  1-v2

1 2
T "
E 1/[TTE1+'ITE2]
h = distance between bearing surfaces = h(x) or h(x,y)
ho = value of h at film run-off position (outlet)

H = Rh/xﬁ for cylindrical contact, Rh/(xhyh) for elliptical contact

2 . . .
H = Rho/xh for cylindrical contact, Rhykxuyx) for elliptical contact

o

J = factor for converting thermal energy to mechanical energy
K = thermal conductivity of lubricant

m = xh/(RA) = g tabulable function of R/R'

n = yh/(RA) = a tabulable function of R/R'
P = pressure in lubricant = p(x) or p(x,y)
= maximum Hertz pressure
P(&) = p(x)/ph = dimensionless pressure for cylindrical contact
P(E,n) = p(x,y)/ph = dimensionless pressure for elliptical contact
R;,Ry = radius of curvature of surface No. 1, 2 in rolling direction

Ri,Ré = radius of curvature of surface No. 1, 2 in axial direction
(crown radius)

- 1 1 v 1,1
R = 1/(Rl + Rz)’ R l/(Ri + RJ
uo(ul + uo) R.2
§ = —————— ()" = a Sommerfeld number for cylindrical contact
*nPh *h

i/2_2
uo(uli + uZi) (xhyh)l/ R
S, = (for 1 = 0,1,2) = Sommerfeld numbers
. Py VX Yy %7n " for elliptical contac

T = T(x,y,z) = absolute temperature in lubricant
u, = surface velocity for surface No. i passing the contact area
+ + 2 . . . — .
= uiO uily ui2y for cases involving velocity variation in

axial direction (i = 1,2)



lubricant velocity components in x, y, and z directions
load between bearing surfaces in elliptical contact

load per unit length between bearing surfaces in cylindrical
contact

distance in rolling direction (measured from coaxial plane)
half width of dry contacr in rolling direction

value of x at runoff position of lubricant film (outlet)
distance in axial direction (measured from center plane)

half width of dry contact in axial direction for elliptical
contact

distance from surface No. 1
pressure coefficient of density of lubricant
dimensionless maximum density exponent = ap,

lubricant coefficient of thermal expansion (temperature
coefficient of density)

pressure coefficient of viscosity of lubricant

dimensionless maximum viscosity exponent = YPy

3/ 37WR'
2E'R2(R+R')

y/ Vxpy, for elliptical contact
ratio of R in experimental model to R in prototype bearing

lubricant viscosity, assumed to be u= uoer for isothermal
cases

base viscosity of lubricant

Poisson's ratio for material of surface No. 1, 2

lubricant density, assumed to be p = poeap for isothermal cases

x/xh for cylindrical contact, X/J§;§; for elliptical contact
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xo/xh for cylindrical contact, or

Eo(n) = xo(y)/Vxhyh = dimensionless run-off position for

lubricant in elliptical contact.

Isothermal Lubrication of Cylindrical Rollers

Loaded roller bearings deform in the region of contact, but the(shape
of the deformed surfaces depends somewhat on the hydrodynamic action of the
lubricant. Complete mathematical description of the surface geometries and
lubricant flow can be had only by solving the so-called elastohydrodynamic
problem, which, unfortunately, is so complex that only solutions that have ever
been published are numerical solutions referring to a few particular cases. (7,8,10)
These solutions do provide some guidance of what lubricant film shapes and pres-
sures may arise, so a generalized sketch of them is shown in Figure A-1 which also
serves to illustrate some of the notation to be used here. For present purposes,
however, particular elastohydrodynamic solutions are too restricted. What is
needed is an overall look‘at the structure of the problem. Therefore, we shall
consider instead the defining equations of the problem.

For rolling cylinders with an isothermal lubricant, the defining equa-

tions of the elastohydrodynamic problem include first the Reynolds equation

relating lubricant pressure p to film thickness h at any position x:

h-h e—ap

dp _ Yp _o
s 6 ) (ul + uz) e h3 . 1)

Here, uy and u, are the velocities of the two surfaces passing the contact area,

YP

and it is assumed that the viscosity of the lubricant is p = ue and its density

is p = poeap. The counstant ho can be interpreted as the film thickness at the

runoff point (where x = xo) since one usual boundary condition is that %£-= 0 at

the runoff point. Next, there is the equation showing how the film shape arises

from the original surface curvatures and the imposed deformations. This equation
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may be written in the form*:

X
_ Lo, 2.2y L0, x - =1,
h(x) = h, + 38 (x -x) - & i p(x') 1ln - X dx R (2)
o
where
2 2
l-v ley
1 1 1 1 1 2
S= 2=+ = and == + ’
R Rl R2 E o El n E2

Rl and R2 being the radii of the two cylinders, E1 and E2 being their Young's
moduli, and Vi and Vo being their Poisson ratios. Boundary conditions at inlet

and outlet require that

p(- w) = p(x)=0 . (3)
(Note that %§-= 0 at x = x, automatically in view of Equations (1) and (2).) In

addition, the integral of the pressure over - o < x < X, must equal W', the load

per unit axial length, that is
Xo

I p(x) dx = W' . (4)

—m '
Solution of the problem, including imposition of the three boundary conditions in
Equations (3) and (4), would determine the functional forms of h(x) and p(x) and
would fix the constants X9 ho’ and the constant of integration implied by the
differential Equation (1).

In order to make Equations (1), (2), (3), and (4) represent their

elastohydrodynamic problem more compactly, dimensionless variables may be used.

Thus let
X
Rh
g = ﬁL ’ H(§) = —_%ﬁl ’ P(g) = Eiﬁl ’ and §° = ;Q ’
h X Ph h
h
Rho
Ho =77 ’
*h

* This equation is/equivalent to Equation (1) in Reference 2.
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where Xy is the half-width of the dry contact area, and Py is the maximum dry-

contact pressure. Then, recalling that

i o _E [T
X, = RVgFig  and opy =7 E'R °

the problem represented by Equations (1) through (4) can be rewritten as:

where

~ -ap
. H-H e
dP _ Yo __ o
i = 6 Se 3 . ah
H
£, '
H(E) = H_ +3 (5-€2) - == [  p(e") wAEE L g @y
R [t
P(-=) =P() =0 , 3"
Eo .
[ P®)ag =5 , 4"
L. -0
X
mo(ugtuy) g o M (ugtuy) By
S = xhph ( h) = 8RE' ( Wl) ’
' IRTI
e r Q
v = lE_'. E
Y th T E'R J

These last three parameters are recognizable. § is a form of Sommerfeld number,

& is the logarithm of the maximum density-variation factor, and ¥ is the logarithm

*
of the maximum viscosity-variation factor. These are the three independent

%

For the problem assuming an isothermal incompressible (a=0) lubricant, Dowson(7)
introduced parameters he denoted as G, U, and W. Their relation to the present
parameters is given by S = (w2/8)U/w2 (Ef(l/VEE}Gwl 2 and (n/2)(xp/2R)2=W. It
is interesting to observe that Johnson , following Blok, has already observed
that Dowson's parameters were not all needed for defining suitably dimensional
pressure solutions and that U/W2 and Ypp, are convenient reduced parameters.
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parameters that remain in the dimensionless form of the problem. (The values of
Ho and go are determined through meeting the boundary conditions.) Therefore, the

solution to the dimensionless problem must have the form

H=H(S, & %3 8) P =P(S, & 5 8)
» | (6)
£, =68 & v  , H =H(GS, &7 .

Suppose that equations of the forms (1) through (4) could be-used to
describe the lubrication of both a cylindrical roller bearing and a disk-disk
model of it. "If both configurations were designedkto have the same vélues of S,
&, and ¥, then measuring values of H(£) and/or P(¢) in the disk~disk model would
provide, in effect, measurements of the same quantities in the bearing; that is,
a known and usable éimilarity would exist between the forms of lubrication in
these two bearing configurations. This is the kind of relationship that should
exist if experiments with a rolling-disk machine are to be used to explore the
nature of lubrication in a particular bearing. There may remain, however, some
doubt about whether the parameters S, &, and ¥ are logically necessary (not all
of Dowson's G, U, and W were), and whether some of them produce only negligible
effects. |

In order to judge the importance of the parameters S, 4, and ¥, we may
turn to the published numerical solutions of this kind of problem. Cofrelating
the results of several calculations which presumed the lubricant to be incom-

)]

pressible (d=0) as well as isothermal, Dowson found in effect that the

minimum value of H, which approximates Ho’ is

H . =0.94 807 (0@
min

Grubin, using further an assumed entrance-film shape in order to avoid complicated

calculations, found in effect that 8 8

H = 1.28 gttt 3t |

These formulas differ slightly in their predictions (Dowson's being generally
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smaller, part of the difference being in the terminal dip which Grubin ignored),

but in either case Ho is approximately proportional to (S§30'7.

Thus, Sqlshould
be a significant paramefer. Beyond this, Johnson @D has remarked that the shape
of Dowson's pressure solutiﬁns, while depending on botﬁ Dowson's parameter U/W2
and the logarithm of the maximum pressure-variation factor (that is on both S
and ?}, depends mainly on Dowson's U/W2 (that is, mainly on 8). Thus, consider~
ing both film thickness and pressure:effects, it is seen that both S and Q'are
independently important parameﬁers. Furthermore, in considering the effect of
lubricant compressibility, Dowson ) found that while including éompressibility
did not change the minimum film thickness very much, it did alter the height of
the pressure spike drastically. To this extent, the value of ¥ also is signifi-
cant, though it must be admitted that tﬁe high pressure spike may always be far
less important than shown by the analysis neglecfing compressibility.

It is not contemplated that purely cylindrical disks should be used in
the forthcoﬁing experiments for the presenf research, but it is believed that the
principles of simulation that have beenvillustrated and the importance ratings
found for the various parameters will serve well as guidelines for more complex
simulation processes.

Isothermal Lubrication of Rolling Surfaces
Slipping Nonuniformly

The lubrication processes in the ball-race configuration differ signi-
ficantly from those with rolling cylinders in that the contact area has finite
axial length and that each surface velocity varies quadratically in the axial
direction. Since these quadratic variations are unequal, there is also a quad-

ratic axial wvariation of slip between the surfaces. These differences from the
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cylindrical case are great enough to demand a fresh evaluation of the requirements
for similarity between a bearing and a rolling disk model of it.

Full consideration of simiiarity between these configurations would
require inclusion of thermal effects, since slipping of the bearing surfaces may
produce its major effects by way of the heat it génerates. Thermal simulation,
however, involves so many additions to the simulation problem that it is reasona-
ble to ignore it temporarily‘and to explore what can be done with similarity when
the thermal influences are negligible, so this will be done.

Let it be supposed now that two surfaces roll together having a contact
area which is finitely long in the axial direction and having velocities vy and
Uy that vary quadratically in that direction. Such a contact region is shown
schematically in Figure A-2. The axes shown there put the origin where the center
of dry contact would be on one surface, and the x and y axes lie in that surface.
(While viewing Figure A-2, it should be observed that the variation of surface
velocity according to axial position is not associated with shearing of the
surfaces; it arises instead from tilting of fhe y-axis with respect to the axes
of revolution, including bending of the y-axis as it conforms to an actual
bearing surface.) Thus, it is assumed that

u, = u + u y + u y2 ’

1 10 11 12
(9)
Uy = Unn + Uqy Y+ U y2 .
2 20 21 22
Despite this variation of uy and Uy @ rederivation of the Reynolds equation for
two-dimensional lubricant flow shows that the equation still has the accustomed

f)
two-dimensional form(l‘J which may be written as

(@-y)p .3 3p (a=y)p ,3 3p7_ | 2 (.0
a% € h ax]+5a§[e h ay]’é"‘o(ul+u2) 3% (¢ n) o, (10)

where again p is pressure, lubricant viscosity is p = poer, and lubricant density
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is p = poeap. If the principal curvatures of the surfaces at the origin are

Rl and R2 in the x-direction, and Ri.and Ré in the y-direction, then apart from

surface deformation the separation of dry, contacting surfaces would be

2 2
X X
2R 2R" ’
where
1 1 1 1 1 1
R=R TR ’ R* =RV Tt R .
R Rl R2 R Ri R2

(13)

Accounting for surface deformation and the surface separation at the origin,

the surface separation at an arbitrary point can be written

2 2 1 t oy ? ]
h(x,y) = h(0,0) + %= + L+ El"'.“‘ p(x',y')dx'dy

2R 2R J(x_x. )2 + (y-y' )2
1 opp p(x'yy')dx'dy!
- E! j“r x'2+ y'z ’ (ll)

where the integrals are taken over the entire pressure region, and again

2 2
-—l—:: l-vl . l—v2
E nEl nE2

Equations (10) and (11) provide determining equations for the functions h(x,y)

and p(x,y) subject to the boundary conditions

.qp.) =0

pinlet = p(xo’Y) = (dx X= xo - ’ (12)

jfp(x,y) dx dy = W , (13)
where xo(y) denotes the runoff position, W denotes the total load on the bearing
surfaces, and the integral is taken over the entire pressure area. Solving the
system of Equations (10), (11), (12), and (13) would produce not only the func-
tions h(x,y) and p(x,y) but also a runoff position function xo(y) and a center

film thickness h(0,0).
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In order to reduce this system of equations to dimensionless form,
choice must be made of reference lengths and pressure. Guidance concerning these
choices can be had from the Hertz theory for dry contact, which shows that Xy

and Yy (the semiaxes of the contact ellipse) and Py (the maximum pressure) are

X, = mRA = nRA SEA g+ R (14)
h b Yh 3 ph 2 R' b
™ mn
where
37 37wr'
A = J 31;WR
2E'R"(R+R")
and m and n are functions of R/R'.(l3) (The values of m and n also change if

the principal directions of curvature differ between the two surfaces, but no
difference in these directions needs to be considered here.) Tt is desirable
for present purposes that the same reference length should be chosen in both the
x- and y-directions. A convenient chéice for that reference length turns out to

be /xhyh. Thus, we introduce the dimensionless variables

£ = - ’ n = > H(E,n) = Rh(x.y) s P(«E,n) = PA—LLXV ) (15)
/xhyh y/xhyh xhyh Py
and the dimensionless parameters
d=oap, > ¥=9p, »and
i/2 2
u (u ., +u,.) (x,v.)'“R
Si - o' 1i 21 . h'h , for i = 0’1’2. (16)
Pn"*p7n *n’h

Then, Equations (10), (11), (12), and (13) take the forms
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d Le(a Y)P .3 3P7], d [e(a Y)P H3 oP

3 B Sl 5T a“] = 6(s + 5,1 + 5,1 5% («*my, (10")

H(E,M = 1(0,0)+£(g2 +Em2) + 5ty (o[ [ RELIDE N

2 R’ 2 3/2 R
" in ) EE%+
- [f P(E',N')dE'dT ] , 1"
§'2 + n'z ‘
- = (9P - '
inlet = For ™ = (gleg =0 (12"
[feE,magan = ¢, (13
where

§,(M = x (N Wry,

This system of equations determining H(E,T) and P(E,T) involves the

~

parameters o, Y, é%, So’ Sl’ and SZ' If those parameters are assigned, then we
should expect (according to this formulation of the problem) that H(E,T) and
P(E,M) are thereby uniquely determined, and that §o(ﬂ) and H(0,0) are determined
also, since this is analogous to what is known about the case with cylindrical
rollers. Thus, if a disk-disk configuration can be constructed and operated
keeping these six parameters the samé as for a certain ball-race configuration,
then H(E,TM) and P(§,T) should be the same for both configurations, and measure-
ments of h or p in the disk-disk configuration should provide in effect meas-
urements of h and p for the ball-race configuration. An exception to this
similitude can arise, of course, if thermal disturbances in the contact area
affect h or p significantly.

There may be doubt about whether all six of these parameters

» S

d;,IV, g%, SO 12 82) must be kept constant in passing from a ball-race proto-

type bearing to a disk-disk model of it, since the effect of some of them might

be insignificant. This issue can be judged partly by referring back to the

cylindrical-roller theory, which is a sort of limiting case of the ball-race
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theory for R/R' + 0. The parameters'g,tv, and S, which occurred and were signi-
ficant there, are closely related to ﬁhe present a, ?; and So, so these three
should affect H(E,T) and/or P(E,T) significantly. The characteristic three-
dimensional aspects of the ball-race configuration are defined by the parameters
R/R', Sl’ and 82 so ingofar as a disk-disk experiment is intended to represent a
ball bearing those parameters are significant too. The parameter R/R' may be
regarded as relating to conditions near the ends of contact in the axial direc-
tion, Sl relates primarily to the effects of ball spin, and 82 relates to
parabolic velocity variations like those of Heathcote slip.

It should be observed that if the same bearing metals and lubricant
are used in the disk~disk experiment as in the prototype ball bearing, and if
E% and Q'are preserved in passing from the prototype to the expgriment as they
should be, then A also must be preserved. The geometrical scales in the x and y
directions in the contact area, however, will change by the same factor as is
applied to R, the relative radius of rolling curvature, since x = ERA+m and
y = nRAﬁ;;. The same geometrical factor also will be applied automatically to
the film thickness, h, since h = HmnRAz. The pressure, p, will not be altered,
though in accomplishing this the load, W, and velocity components must be scaled
properly to keep.4, So’ Sl’ and 82 fixed. For example,in proper modeling using
the same bearing materials and lubricant, the doubling of R in the experiment as
compared to the model would require also the doubling of Uig + Uspo duplication
of u

halving of u 5 + Usos and quadrupling of W. This change would re-

11 * U0
sult in the doubling of X5 Yo and h(x,y), though p(x,y) would not be altered.

1

Effects of Local Thermal Disturbances

The surface velocities uy and u, enter the mathematical problem for

isothermal lubrication of a ball-race configuration only by way of the Reynolds
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equation (10), and there only the sum u, + u, appears.  Thus, slipping between

1
the surfaces (that isu - u2) is of no consequence if the lubrication is iso-
thermal in the manner that was presumed. It is known, of course, that lubricant
viscosity is sensitive to temperature changes, and surface slipping appears

quite apt to induce temperature changes. Therefore, it is desirable to pursue

the effect of temperature changes that may result from representing a ball-race
configuration by a pair of rolling disks.

A study of modeling including thermal effects in their entirety would
require a complete rederivation of the Reynolds equation, and would show that
equation to be considerably altered. The revised equation would involve also
the temperature distribution T(x,y,z) and its application would show T(x,y,z)
should be alike in the bearing and the experiment. In order to determine T(x,y,z),
here taken to be absolute temperature, it would be necessary to add to the mathe-
matical problem the thermal energy equation plus several new boundary conditions.
The thermal energy equation can be shown to have the form*

Joclu Sevv Sorw ) - 3 :zg w (G2 @7 et B v ) L (g
The added notation here includes u, v, and w which are the three components of
lubricant velocity in the x-, y-, and z-directions at any point, the thermal
conductivity K and‘specific heat, ¢, of the lubricant, its density, p, and its
coefficient of thermal expansion, B, and the factor J for converting thermal
energy to mechanical energy. Suitable boundary conditions can be added also,

but the energy equation itself provides sufficient challenge for the present.

If the relative radius of rolling curvature is multiplied by some

factor A in passing from the ball-race to disk-disk configuration and unaltered

* This is a special form of the last equation on p 187 of Reference l4.
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bearing materials and lubricants aré ﬁsed, then consistency with the demands of
isothermal modeling (which is a special case of theimal modeling) implies that

Xy Yy and z as actual distances will change by the same factor A, and that u will
also change by this factor. A ready ektension>of these rééults is that v and w
also‘can be expected to change‘by this factor As though p(x,y) and T(x,y,z)
should not change. Using unalteréd materialé implies, of course, that K, p, c,
B, and pu should not change. Accouhting for how the factor A would alter the
several terms of Equation (17), one can see that all the introductions of the

: 2
factor )\ cancel each other except in the term JK o'l where a factor K2 remains

22

uncancelled. To keep this term unchanged (that 12 in proper relation to the other
terms of the equation), one would like to multiply the thermal conductivity K by
x2 in passing from the prototype bearing to the experimental model of it, but
this is not feasible if A # 1. Thus, in order to achieve proper thermal modeling
we are forced to take A = 1, that is to make no change in R, the relative radius
of rolling curvature. We can see that if we do change R, then the configuration
with the larger R will also have the larger thermal disturbances, since its lack
of an enlarged K will cause slower heat dissipation. If we were to-consider also
the new boundary conditions, we would find there also a necessity for increasing
the thermal conductivities of the bearing materials if we were to take )\ > 1.

The essence of these remarks is that if local temperature changes have
any significant effect on quantities such as h(x,y) or p(x,y) which might be
measured in the experimental model, then those measurements will be distorted if
any change is made in the relative radius of rolling curvature as we pass from

the prototype bearing to the experimental model. If local temperature changes

are insignificant in both the prototype and the model of it, then it is
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acceptable to change this radius provided the proper corresponding changes are
made in the total rolling velocity and the load as was described under isothermal
modeling.

Systematic study of thermal similitude shows further (even‘before one
puts A = 1) that in modeling without change of bearing material or lubricant one
should preserve [u2(y)-ul(y)]/R as well as [ul(y)i-u2(y)]/R. A direct conse-
quence then is that both ul(y)/R and u2(y)/R should be preserved.

Modeling which introduces changes of bearing materials or lubricants
obviously introduces further possibilities, but these seem to have mainly aca-
demic interest for the present research since it is expected to be tied closely

to predetermined choices of materials which can not well be altered.
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